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I N T R O D U C T I O N
Emotional and motivational stimuli preferentially attract attentional resources. For example, when subjects view two tachistoscopically presented faces of differing emotional valence, attention is preferentially directed away from threatening faces and toward happy faces (Bradley et al. 1997) . Attentional resources are modulated by monetary rewards (Della Libera and Chelazzi 2006; Engelmann and Pessoa 2007) and are biased toward pictures of food when one is hungry (Mogg et al. 1998 ) and toward smoking-related pictures in smokers (Mogg et al. 2003) . It is important to identify the neuronal underpinnings of these processes because they are potentially of clinical relevance. Attentional bias toward threatening stimuli, for example, may serve to maintain anxiety states in clinically anxious patients because they would be more likely to detect potential sources of danger in their environment (Mathews 1988) . In support of this, clinically anxious individuals are faster to detect threatening words than controls (MacLeod et al. 1986; Mogg et al. 1992 ).
However, it remains unclear precisely how emotional and motivational information regulate attentional processes to guide behavior. One possibility is that increasing the incentive value of a behavior increases the allocation of attentional control processes, an effect that may underlie the tendency for behavioral performance to improve as incentive value increases (Roesch and Olson 2007) . Recent findings in humans using functional magnetic resonance imaging (fMRI) suggest that orbital prefrontal cortex (PFo) may have an important role to play. When subjects saw two stimuli, one of which predicted an aversive event, their attention was biased toward the location of the aversive stimulus and there was activation in PFo (Armony and Dolan 2002) . Critically, if both locations contained the aversive stimulus there was no activation in PFo. Thus activity did not simply relate to the expectancy of the aversive event but rather reflected the integration of the emotional stimulus with spatial attention. Similarly, activity in PFo correlates with the speed of attentional shifts toward food targets when a subject either is in a hungry or sated motivational state (Mohanty et al. 2008 ). However, neurophysiological studies, while clearly implicating PFo in the processing of reward information (Padoa-Schioppa and Assad 2006; Wallis 2007; Wallis and Miller 2003) , have found a notable lack of spatial signals in this area (Padoa-Schioppa and Assad 2006; Tremblay and Schultz 1999; Wallis and Miller 2003) . Thus it remains unclear whether PFo could serve the role of integrating attentional and reward-related processes.
The anterior cingulate sulcus (PFcs) may be a more likely region to serve this role. It receives convergent input from limbic and prefrontal areas and sends direct projections to the cingulate motor areas, which in turn project to the motor cortex and spinal cord (Bates and Goldman-Rakic 1993; Dum and Strick 1993; Morecraft and Van Hoesen 1998; Ongur and Price 2000; Van Hoesen et al. 1993) . Neurons in PFcs encode reward information (Amiez et al. 2006; Kennerley et al. 2009; Matsumoto et al. 2007; Sallet et al. 2007; Seo and Lee 2007) and use this information to guide spatially distinct behavioral responses (Matsumoto et al. 2003; Williams et al. 2004 ). In addition, there is some evidence to implicate PFcs in working memory, a process that, at least at the neuronal level, appears to have much in common with attentional control (Everling et al. 2002; LaBar et al. 1999; Rainer et al. 1998) . Single neurons in PFcs modulate their activity during delays in working memory tasks, and this delay activity can reflect the position of spatial cues or upcoming spatial responses (Amiez et al. 2006; Niki and Watanabe 1976; Procyk and Joseph 2001; Procyk et al. 2000) . Furthermore, neuroimaging studies have repeatedly shown activations in and around PFcs in tasks requiring working memory and spatial attention (Mesulam et al. 2001; Nobre et al. 2000; Paus et al. 1998; Petit et al. 1998) . Finally, damage to the dorsomedial prefrontal frontal cortex including PFcs can produce impairments in tasks requiring spatial working memory (Meunier et al. 1997; Pribram et al. 1962; Rushworth et al. 2003) . This has led to the suggestion that PFcs is one component of a network (along with parietal and frontal cortex) that is responsible for directing spatial attention, in particular, integrating motivational and attentional information to ensure that attention is directed toward motivationally relevant stimuli . In support of this idea, studies using fMRI that manipulate both attentional focus and emotional valence typically find that the dorsomedial prefrontal frontal cortex including PFcs is the only brain area sensitive to both manipulations (De Martino et al. 2008; Fichtenholtz et al. 2004) .
In this study, we used single-unit neurophysiology to examine whether there was a functional dissociation in the neuronal properties of PFcs and PFo in the integration of reward-related information with spatial working memory. We trained two subjects to perform a task that required them to hold a spatial mnemonic stimulus in working memory under different expectancies of reward for correct performance. We predicted that neurons in both areas would encode the expected reward but that the integration of reward with spatial working memory would preferentially occur in PFcs. Specifically, we predicted that this integration would take the form of an increase in a neuron's spatial selectivity as the size of the expected reward increased, consistent with the idea of more focused spatial attention occurring in the presence of motivationally relevant stimuli.
M E T H O D S

Subjects and neurophysiological procedures
Two male rhesus monkeys (Macaca mulatta) served as subjects. They were 5-6 yr of age and weighed 8 -11 kg at the time of recording. We regulated their fluid intake to maintain motivation on the task. We recorded single neurons simultaneously from PFcs and PFo as well as lateral prefrontal cortex. We report the data from the lateral prefrontal cortex elsewhere (Kennerley and Wallis 2009b) . The current paper focuses on the results from PFcs and PFo. We recorded PFo neurons from the cortex between the lateral and medial orbital sulci in both hemispheres of both subjects. We recorded PFcs neurons from the dorsal bank of the anterior cingulate sulcus from the left hemisphere in subject A and the right hemisphere in subject B. Although this region is in the cingulate sulcus, anatomists consider it part of prefrontal cortex (area 9) rather than anterior cingulate cortex. The anterior cingulate cortex begins in the ventral bank of the cingulate sulcus and includes areas 24, 25 and 32 of the cingulate gyrus (Petrides and Pandya 1994; Vogt et al. 2005) .
For each recording session, we recorded neuronal activity from tungsten microelectrodes (FHC Instruments, Bowdoin, ME) using custom-built, manual microdrives. The microdrives were inserted into a custom-built grid that allowed access to neuronal tissue through grid holes in a 15 ϫ 15-mm orientation with 1-mm spacing. We used a 1.5 T MRI scanner to ensure accurate positioning of our electrodes and to determine the approximate distance to lower the electrodes (Fig. 1A) . Each microdrive lowered two electrodes, and each day we lowered multiple pairs of electrodes into the areas of interest, typically lowering 10 -24 electrodes per day. We typically recorded from a single grid position from 1 to 3 days, and each day the electrodes were at a different depth. Each day we lowered the electrodes until we found a well-isolated neuronal signal. This was typically 200-m deeper than the previous day's recording location, although on occasion it could take Յ2 mm of advancement to find a suitable signal. Neuronal waveforms were digitized and analyzed off-line (Plexon Instruments, Dallas, TX). We randomly sampled neurons; we did not attempt to Top: anterior cingulate sulcus (PFcs); bottom: orbital prefrontal cortex (PFo). We measured the anterior-posterior (AP) position from the interaural line and the dorsoventral position from the ventral lip of the principal sulcus. The diameter of the circle indicates the number of recordings made at that particular location. CSd, dorsal bank of the cingulate sulcus; CSv, ventral bank of the cingulate sulcus; LOS, lateral orbital sulcus; MOS, medial orbital sulcus. In subject A, the genu of the arcuate sulcus was at AP 21 mm, the genu of the corpus callosum was at AP 29 mm, and the tip of the frontal pole was at AP 48 mm. In subject B, the genu of the arcuate sulcus was at AP 20 mm, the genu of the corpus callosum was at AP 30 mm, and the tip of the frontal pole was at AP 48 mm. C: in the RS task, the subject sees 2 cues separated by a delay. The 1st cue indicates the amount of juice to expect for successful performance of the task, and the 2nd cue indicates the location the subject must maintain in spatial working memory. The subject indicates his response by making a saccade to the location of the mnemonic cue 1 s later. The fixation cue changes to yellow to tell the subject to initiate his saccade. The SR task is identical except the cues appear in the opposite order. There are 5 different reward amounts, each predicted by 1 of 2 cues, and 24 spatial locations. select neurons based on responsiveness. This procedure aimed to reduce bias in our estimate of neuronal activity thereby allowing a fair comparison of neuronal properties between the different brain regions. We reconstructed our recording locations by measuring the position of the recording chambers using stereotactic methods. We plotted the positions onto the MRI sections using commercial graphics software (Adobe Illustrator, San Jose, CA). We confirmed the correspondence between the MRI sections and our recording chambers by mapping the position of sulci and gray and white matter boundaries using neurophysiological recordings. We traced and measured the distance of each recording location along the cortical surface from the lip of the ventral bank of the principal sulcus. We also measured the positions of the other sulci relative to the principal sulcus in this way, allowing the construction of the unfolded cortical maps shown in Fig. 1B . All procedures were in accord with the National Institute of Health guidelines and the recommendations of the University of California Berkeley Animal Care and Use Committee.
Behavioral task
We used NIMH Cortex (http://www.cortex.salk.edu) to control the presentation of the stimuli and the task contingencies. We monitored eye position and pupil dilation using an infrared system with a sampling rate of 125 Hz (ISCAN, Burlington, MA). We presented two cues sequentially separated by a delay, one of which was a spatial location that the subject had to hold in working memory (the mnemonic stimulus), and one of which indicated to the subject how much reward they would receive for performing the task correctly (the reward-predictive cue; Fig. 1C ). We tested 24 spatial locations that formed a 5 ϫ 5 matrix centered at fixation with each location separated by 4.5°. The subject had to maintain fixation within Ϯ2°of the fixation cue throughout the trial until the fixation cue changed color. Failure to maintain fixation resulted in a 5-s timeout, and we recorded the trial as a break of fixation. Once the fixation cue changed color, the subject was free to saccade to the target. If the subject failed to acquire the target within 400 ms, or failed to maintain fixation of the target (within 3°of the target location) for 150 ms following target acquisition, we recorded an inaccurate response and terminated the trial without delivery of reward. There were five different sizes of reward. We instructed each reward amount with one of two pictures (i.e., 10 pictures in total). This allowed us to distinguish neuronal responses to the visual properties of the picture from neuronal responses that encoded the reward predicted by the picture. In the RS task, the first cue was the reward-predictive cue and the second cue the spatial mnemonic stimulus, whereas the cues occur in the opposite order for the SR task. We fully counterbalanced all experimental factors, and the different trial types were randomly intermingled. Subjects completed ϳ600 correct trials per day.
Statistical methods
We conducted all statistical analyses using MATLAB (Mathworks, Natick, MA) . To analyze the behavioral performance, we calculated the percentage of trials that the subject performed correctly in each recording session for each reward amount and each task. In addition, for each correctly performed trial, we calculated the subject's reaction time defined as the time from the fixation spot changing color until the time at which the subject's eye position moved outside of the fixation window.
Our first step in analyzing the neuronal data was to visualize it by constructing spike density histograms. We calculated the mean firing rate of the neuron across the appropriate experimental conditions using a sliding window of 100 ms. We then analyzed neuronal activity in six predefined epochs of 500 ms each, corresponding to the presentation of the two cues and the first and second half of each of the delays. We chose the epochs to ensure each was of equivalent size. For each neuron, we calculated its mean firing rate on each trial during each epoch. We used this information to visualize the mnemonic field of the neuron during each epoch. For each spatial location, we calculated the neuron's standardized firing rate by subtracting the mean firing rate of the neuron across all spatial locations and dividing by the SD of the firing rate across all spatial locations. We then performed five iterations of a two-dimensional linear interpolation and plotted the resulting matrix on a pseudocolor plot.
To determine whether a neuron encoded an experimental factor, we used linear regression to quantify how well the experimental manipulation predicted the neuron's firing rate. Before conducting the regression, we standardized our dependent variable (i.e., firing rate) by subtracting the mean of the dependent variable from each data point and dividing each data point by the SD of the distribution. We also centered the independent variables by subtracting a single value from all of the data points to shift the scale of the predictor variables. Thus all our predictor variables (x position, y position and reward magnitude) ranged from Ϫ2 to ϩ2. This reduced multicollinearity for interaction terms. We evaluated the significance of selectivity at the single neuron level using an alpha level of P Ͻ 0.01.
We examined how neurons encoded reward information by performing a linear regression on the neuron's mean firing rate (F) during a given epoch using the size of the reward predicted by the cue as the predictive variable (V r ). We classified a neuron as reward selective if the equation F ϭ b 0 ϩ b r V r significantly predicted the neuron's firing rate. To determine this, we used the least-squared methods to calculate an F statistic: we divided the sum of squared errors produced by the equation by the sum of squared errors for a least-squares equation with no independent variables (F ϭ b 0 ). We evaluated the significance of the F statistic on V and N -V -1 degree of freedom, where N is the total number of observations and V is the total number of predictor variables (V ϭ 1 for reward analysis). To examine the time course of reward selectivity, we performed a "sliding" regression analysis to calculate at each time point whether the expected reward size significantly predicted the neuron's firing rate. We fit the regression equation to neuronal firing for overlapping 200-ms windows, beginning with the first 200 ms of the fixation period and then shifting the window in 10-ms steps until we had analyzed the entire trial. If the equation significantly predicted the neuron's firing rate for three consecutive time bins (evaluated at P Ͻ 0.005), then we took the first of these time bins as the neuron's latency. We determined this criterion by examining how many neurons reached the criterion during a baseline period consisting of a 500-ms epoch centered in the middle of the fixation period preceding the onset of the first cue. At this stage of the task, the subject has no information about the upcoming trial, and so any neurons that reached criterion must have done so by chance. Consequently we can use this information to determine the false alarm rate of our criterion. We calculated the proportion of neurons during the baseline period where the significance of the regression equation exceeded P Ͻ 0.005 for three consecutive time bins. We repeated this using significance levels of P Ͻ 0.01 and P Ͻ 0.05. For the encoding of reward information, 1.5% of neurons reached the criterion using P Ͻ 0.005. If we evaluated our criterion at P Ͻ 0.01, our false alarm rate increased to 4.4%, whereas a criterion of P Ͻ 0.05 yielded a false alarm rate of 20%. Thus we used P Ͻ 0.005 as our criterion because this yielded a false alarm rate that was clearly Ͻ5%.
To examine how neurons encoded spatial information, we performed a linear regression using the neuron's mean firing rate (F) as the dependent variable and the x and y coordinates of the spatial cue as two predictive variables (V x and V y , respectively). We classified a neuron as spatially selective if the equation F ϭ b 0 ϩ b x V x ϩ b y V y significantly predicted the neuron's firing rate. We evaluated the significance of the F statistic on V and N -V -1 degree of freedom, where N is the total number of observations and P is the total number of predictor variables (V ϭ 2 for spatial analysis).
R E S U L T S
We recorded the activity of 143 neurons from PFo (subject A: 75, subject B: 68) and 194 neurons from PFcs (A: 132, B: 62). We collected the data across 33 recording sessions for subject A and 12 recording sessions for subject B. We recorded neuronal activity from lateral prefrontal cortex during these same sessions, and so the subjects' behavior is the same as previously reported (Kennerley and Wallis 2009b) . The previous report contains a more detailed analysis of the behavioral data. We summarize the main findings in the following text.
The subjects performed 90% of the RS trials correctly, and both subjects performed more trials correctly as the reward size increased, consistent with the notion that larger expected rewards increased spatial attention. We calculated whether there was a significant effect of the expected reward on behavioral performance by performing a linear regression using the equation B ϭ b 0 ϩ b r V r where B is the percentage of trials for a given reward amount that the subject performed correctly during each session and V r is the size of the expected reward. For both subjects, there was a significant positive relationship between the expected reward and behavioral performance [subject A: F(1,143) ϭ 44, P Ͻ1 ϫ 10 Ϫ9 , subject B: F(1,48) ϭ 9.9, P Ͻ 0.005]. Subject A performed 6% more trials correctly for the largest expected reward (92% correct) compared with the smallest expected reward, whereas subject B performed 5% more trials correctly for the largest expected reward (94% correct) compared with the smallest expected reward. In addition, for subject A, there was a significant negative relationship between the expected reward size and reaction time [F(1,7638) ϭ 40, P Ͻ 5 ϫ 10 Ϫ10 ] although the effect size was small (the subject was 7 ms quicker when he expected the largest reward compared with the smallest reward). Performing more quickly in addition to more accurately is another hallmark of increased attention. However, in subject B, the relationship between expected reward size and reaction time was not significant [F(1,2443) 
In the SR task, there was no relationship between the percentage of trials performed correctly and the expected reward (P Ͼ 0.1 for both subjects). The subjects found this task more difficult than the RS task, performing 82% of the trials correctly. In addition, subject A showed significantly longer reaction times as the size of the reward increased [F(1,6723) ϭ 202, P Ͻ 1 ϫ 10 Ϫ15 ] taking 18 ms longer to respond when he expected the largest reward compared with the smallest reward. There was no relationship between reaction time and reward size in subject B [F(1,2212) Ͻ 1, P Ͼ 0.1]. In summary, SR task accuracy was generally worse than in the RS task, and for subject A, responses were slower with increased reward. Our previous interpretation of this effect (Kennerley and Wallis 2009b) was that that in the SR task the centrally presented reward cue competes for attentional resources, interfering with ongoing working memory or spatial attention processes that are attempting to maintain the location of the peripherally presented mnemonic cue.
Neuronal encoding of reward and space
We examined the ability of neurons to encode spatial or reward information by initially focusing on the first cue and delay epochs of the SR and RS tasks, respectively. The predominant neuronal selectivity in both PFcs and PFo was the encoding of the expected reward. Figure 2A illustrates a PFcs neuron that encodes the size of the expected reward in the RS task during the first cue epoch, showing an increase in firing rate as the size of the expected reward increases. However, it encodes no information about the location of the spatial mnemonic cue in the SR task. Figure 2B illustrates another PFcs neuron that encodes the expected reward during the first cue epoch, but this neuron shows an increase in firing rate as the size of the expected reward decreases. Figure 2C illustrates a PFcs neuron that encodes the size of the expected reward across the first delay, showing an increase in firing as the reward size increases. Finally, Fig. 2D illustrates a PFo neuron that encodes reward information showing an increase in firing rate as the size of the expected reward increases. It is one of the few neurons to encode spatial information as well as reward information, showing an increase in firing rate when the mnemonic cue appeared in the top right of the screen in the SR task.
We determined the proportion of reward-selective neurons in the first three epochs of the RS task: the first cue epoch (cue 1) and the two delay epochs corresponding to each half of the first delay (delay 1a and delay 1b). In every epoch, there were significantly more reward-selective neurons in PFcs than PFo (Table 1 ). In total, 101/194 (52%) of PFcs neurons exhibited reward selectivity in at least one of the three epochs compared with 43/143 (30%) of PFo neurons ( 2 ϭ 15, P Ͻ 0.0001). In both areas, an approximately equal number of neurons had a positive relationship between firing rate and reward value as had a negative relationship (PFcs: 54 vs. 46%, PFo: 47 vs. 53%). Neither proportion differed from the 50/50 split that one would expect by chance (binomial test, P Ͼ 0.1 in both areas). In contrast to the prevalent encoding of reward in both areas, few neurons encoded spatial information (Table 1) .
We also investigated the effect of a more complete regression model that included the picture set from which the reward-predictive cue was drawn as a second dummy predictive variable (V p ) in addition to reward size (V r ) . We used the linear equation
On average, just 3% of the neurons showed a significant predictive relationship between their firing rate and either the picture set or the interaction between picture set and reward size (cue 1: 4%, delay 1a: 4%, delay 1b: 2%). Thus the size of the reward indicated by the reward-predictive cue modulated the firing rate of most neurons rather than the visual properties of the cue.
We next examined the extent to which a linear relationship adequately characterized neuronal encoding of reward. For each neuron and each epoch in turn, we performed a one-way ANOVA using the neuron's mean firing rate as the dependent variable and the amount of predicted reward as the independent variable. The advantage of ANOVA for this analysis is that it does not make any assumptions regarding the relationship between firing rate and reward size. For those neurons that showed significant reward encoding, we performed a post hoc trend analysis. For a clear majority of the reward-selective neurons, a linear contrast explained the differences between the means, and the residual variance was not significantly greater than the error variance (Fig. 3A) . In other words, there was no significant variability left to explain beyond that accounted for by the linear component. If there was residual variance, we tested a quadratic contrast, which tests for neurons the firing rate of which is greatest to the middle reward sizes. This contrast only explained the differences between the means for a small minority of the reward-selective neurons. As a further test, we determined for each reward-selective neuron which reward size elicited the maximum firing rate. If most neurons showed a linear relationship between firing rate and reward size, then most neurons should show their maximum firing rate to either the smallest or largest reward size, while few neurons should show their maximum firing rate to the intermediate reward sizes. This is indeed the pattern we observed (Fig. 3B) .
We next examined neuronal encoding during the second cue and delay epochs. It was similar to the encoding during the first cue and delay, with strong encoding of the expected reward and little encoding of the spatial mnemonic cue (Table 2) . Reward-selective neurons were more prevalent in PFcs than in PFo in every epoch, although this reached significance only in the cue epoch of the RS task. In the RS task, there was an equal number of neurons the firing rate of which had a positive relationship with the expected reward as had a negative relationship (PFo: 50 vs. 50%, PFcs: 52 vs. 48%, binomial, P Ͼ 0.1 in both cases). However, in the SR task, neurons with a positive relationship were more common (PFo: 65 vs. 35%, binomial test, P Ͻ 0.01, PFcs: 58 vs. 42%, binomial test, P ϭ 0.054).
Reward modulation of spatial selectivity
In a previous report, we found that information about the expected reward modulated the spatial representation of neurons in ventrolateral prefrontal cortex (PFvl) (Kennerley and Wallis 2009b) . Furthermore, in the RS task (where increasing expected reward size produced better performance in each subject) increasing reward produced stronger spatial selectivity in the PFvl neurons. In contrast, in the SR task (where reward disrupted the subject's performance), increasing reward produced weaker spatial selectivity. We interpreted these effects 2 . A: spike density histogram from a PFcs neuron that encodes reward information during the cue epoch of the RS task, showing an increase in firing rate as the size of the predicted reward increases but does not encode spatial information during the SR task. The spike density histogram for the RS task shows the neuron's activity sorted by reward size, whereas the spike density histogram for the SR task shows the same neuron's activity sorted by the location of the mnemonic cue. We have collapsed the spatial data into 4 groups to enable clear visualization of spatial selectivity. Each group consists of 6 of the 24 locations as indicated by the spatial key. The gray bars indicate the presentation of the 1st and 2nd cue. Inset: the mean standardized firing rate of the neuron across the 24 spatial locations from the epoch that elicited the maximum spatial selectivity (cue 1, delay 1a, or delay 1b). B: a PFcs neuron that also encodes the size of the expected reward during the cue epoch of the RS task, but in this case, the neuron shows an increased firing rate as the size of the expected reward decreases. C: a PFcs neuron that encodes the size of the expected reward during the delay epoch rather than the cue epoch. This neuron shows an increase in firing rate as the size of the expected reward increases. D: a PFo neuron that encodes reward during the 1st cue and delay epochs of the RS task, and spatial information during the 1st cue epoch of the SR task. The neuron shows an increase in firing rate as the reward increases and prefers spatial locations in the top right of the screen. as consistent with a role for PFvl in controlling resources related to the allocation of spatial attention.
We examined whether similar effects were present in PFo and PFcs neurons by performing the same analysis as in our previous report (Kennerley and Wallis 2009b) . Specifically, for each neuron, task and epoch in turn, we calculated the strength of spatial selectivity when the expected reward was small (i.e., when the 2 smallest rewards were expected) and contrasted this to when the expected reward was large (i.e., when the 2 largest rewards were expected). We grouped the trials in this way to ensure that there were sufficient trials for each spatial location to permit an analysis with sufficient statistical power. We used the neuron's mean firing rate (F) as the dependent variable and the x and y coordinates of the spatial cue as two predictive variables (V x and V y , respectively), using the equation F ϭ b 0 ϩ b x V x ϩ b y V y . We used the r 2 value from the regression to calculate the percentage of the variance (PEV) in the neuron's firing rate that was explained by the spatial location of the mnemonic cue (PEVspace) for each of the two groups of trials. We then compared this value when the subject expected a large reward to when they expected a small reward.
In general, few neurons (ϳ5%) showed spatial selectivity during the second cue and delay epochs of either the SR and RS task. It was difficult to discern any consistent pattern in the effect of reward size on spatial selectivity (Fig. 4) . Only one of our contrasts was significant: larger rewards produced stronger spatial selectivity in PFcs during the first half of the delay of the SR task (t 3 ϭ 7.8, P Ͻ 0.005). However, we are reluctant to make any strong conclusions from this result, as it relied on the activity of only four neurons (2% of our sample).
Comparison of the time course for encoding of reward information
To investigate the latency at which neurons encoded reward information, we focused on neuronal activity during the presentation of the reward-predictive cue (cue 1 for the RS task and cue 2 for the SR task). First, we examined how a neuron's reward selectivity compared during these epochs across the two tasks. For each neuron, each epoch and each task in turn, we calculated the beta coefficient associated with the rewardpredictive cue (b r ) using the equation F ϭ b 0 ϩ b r V r where F is the neuron's mean firing rate during a given epoch and V r is the size of the reward predicted by the cue. We then compared the slopes of our beta coefficients associated with the rewardpredictive cue during the corresponding epochs of both tasks (Fig. 5 ). There was a very strong correlation, indicating that an individual neuron's reward selectivity was very similar across the two tasks. Numbers in bold indicate that there was a significant difference between the areas in the percentage of selective neurons ( 2 test, P Ͻ 0.05). RS, rewardpredictive cue followed by spatial mnemonic stimulus; SR, stimulus followed by reward cue. Because of this correlation, we collapsed across the two tasks to investigate the time-course of reward selectivity. We used the sliding regression analysis to calculate the absolute value of the beta coefficient associated with the reward-predictive cue (b r ) at each time-point (Fig. 6A) . We then used this analysis to calculate the time at which reward selectivity occurred in each neuron. This method of determining neuronal selectivity yielded a higher estimate of the prevalence of reward selective neurons than our analysis based on predefined task epochs (cf. Fig. 6A and Table 2 ). This higher incidence resulted from the analysis having greater statistical power (because it collapsed across both tasks) and being more sensitive to phasic neuronal responses. We calculated the number of neurons in each area that reached our statistical criterion for encoding reward at any point during the cue epoch (see METHODS). Our conclusion remained the same as the analysis based on predefined epochs: reward selectivity was significantly more prevalent in PFcs (113/194 or 58%) compared with PFo (57/143 or 40%, 2 ϭ 10, P Ͻ 0.005). To determine whether the onset of reward selectivity occurred earlier in one area relative to the other, for each neuron we calculated the onset of selectivity focusing on the first 300 ms of the cue epoch (see METHODS) . The onset of reward selectivity occurred significantly earlier in PFo neurons than PFcs neurons (Fig. 6B , median PFo ϭ 170 ms, median PFcs ϭ 230 ms, Wilcoxon's rank-sum test, P Ͻ 0.0005). A possible explanation for this effect may reside in the strength of the reward signal. A stronger signal is by definition easier (and therefore quicker) to detect. To examine this, we performed a one-way ANCOVA using the onset of selectivity as the dependent variable, areas (PFo or PFcs) as the independent variable, and the neuron's maximum selectivity during the 500-ms cue epoch as the covariate (Fig. 6C ). There was a significant effect of the covariate [F(1,95) ϭ 20.6, P Ͻ 0.00005], indicating that neurons with earlier response onsets tended to be those with the largest maximum selectivity. However, there was also a significant effect of area [F(1,95) ϭ 19.7, P Ͻ 0.00005], indicating that PFo neurons tended to show earlier selectivity than PFcs neurons after taking into consideration the maximum selectivity of the neurons. The interaction between the covariate and the independent variable was not significant [F(1,95) ϭ 0.1, P Ͼ 0.1], indicating that the relationship between response onset and maximum selectivity was similar in both areas. Figure 6D illustrates the mean strength of the reward signal across time for those neurons that reached criterion during the first 300 ms of the cue epoch in both areas. This also shows that the initial increase in selectivity occurs earlier in PFo than PFcs.
Finally, we examined the extent to which neurons that reached the criterion for reward selectivity during the cue epoch subsequently sustained this selectivity in the ensuing delay. For each of these neurons, we calculated the beta coefficient associated with the reward-predictive cue (b r ) using the equation F ϭ b 0 ϩ b r V r where F is the neuron's mean firing rate during a given epoch and V r is the size of the reward predicted by the cue. We performed a two-way ANOVA using the beta coefficient as the dependent variable, and independent variables of area (PFcs or PFo) and epoch (the 3 epochs, corresponding to the cue and the first and second halves of the delay). There was a significant main effect of area [F(1,504) ϭ 7.2, P Ͻ 0.01] due to greater selectivity strength in PFcs than PFo. This effect is also evident in Fig. 6D , with mean selectivity in PFcs stronger than in PFo. In addition, there was a significant main effect of epoch [F(2,504) ϭ 5.8, P Ͻ 0.0005], with selectivity becoming gradually weaker as one moved from the cue epoch to the end of the delay. The interaction between the factors was not significant [F(2,504) Ͻ 1, P Ͼ 0.1] indicating that neither area was more or less likely to sustain its selectivity than the other.
In summary, neurons in PFo and PFcs showed similar responses to the reward-predictive cue irrespective of whether it occurred in the context of the RS or SR task. Encoding of the predicted reward occurred earlier in PFo, but the subsequent encoding of this information was stronger and more prevalent in PFcs.
Comparison with ventrolateral prefrontal cortex
In a previous report, we found that many neurons in PFvl showed strong encoding of both spatial and reward information in the current task (Kennerley and Wallis 2009b) . We therefore compared the reward selectivity in PFvl with reward selectivity in PFo and PFcs. Figure 7A illustrates the incidence of selectivity for reward information in the three areas during each epoch for both tasks. Reward selectivity was significantly less prevalent in PFo compared with PFvl and PFcs during the first and second cue epochs and during the second half of the first delay epoch the RS task. In addition, reward selectivity was more prevalent in PFcs during the second delay, although the difference did not reach significance. Figure 7B illustrates the prevalence of encoding of spatial information. Such encoding was very prevalent in PFvl and virtually absent in PFcs and PFo.
With regard to the onset of reward selectivity, the onset time in PFvl (median: 190-ms) was significantly earlier than the onset time in PFcs (median: 230 ms) but was not significantly different from the onset time in PFo (median: 170 ms, KruskalWallis 1-way ANOVA, 2 2,170 ϭ 16, P Ͻ 0.0005, post hoc Tukey-Kramer test evaluated at P Ͻ 0.05). We reached a similar conclusion using a one-way ANCOVA, using onset of selectivity as the dependent variable, area (PFvl, PFo, or PFcs) as the independent variable, and the neuron's maximum selectivity during the 500-ms cue epoch as the covariate (Fig. 7C ). There was a significant effect of area [F(2,167) ϭ 10, P Ͻ 0.0001], which a post hoc Tukey-Kramer test revealed was due to significantly earlier onset times in PFo and PFvl relative to PFcs, whereas the onset times in PFo and PFvl did not significantly differ from one another. In addition, there was a significant effect of the covariate [F(1,167) ϭ 24, P Ͻ 0.000005] but no interaction between the covariate and the independent variable [F(1,167) Ͻ 1, P Ͼ 0.1]. Thus the onset of reward selectivity was significantly earlier in PFvl and PFo than PFcs even after taking into consideration the maximum selectivity of the neurons.
D I S C U S S I O N
We found little evidence that the integration of reward and spatial working memory took place in either PFo or PFcs. Neither PFcs nor PFo showed strong encoding of spatial information. In comparison to the weak encoding of spatial information, many neurons in PFcs and PFo encoded the amount of expected reward as indicated by the reward-predictive cue. PFo neurons consistently encoded reward information earlier than PFcs neurons. However, reward encoding was subsequently stronger and more prevalent in PFcs. Schultz 1999, 2000; Wallis and Miller 2003) encode the value of expected rewards, as do neurons in adjoining cortical areas, such as the ventral bank of the cingulate sulcus (Shidara and Richmond 2002) . Moreover, damage to either PFo (Baxter et al. 2000; Bechara et al. 1994; Burke et al. 2008; Izquierdo et al. 2004) or PFcs (Amiez et al. 2006; Hadland et al. 2003; Kennerley et al. 2006) impairs the ability to use rewards to guide behavior. Although the precise contribution of PFcs and PFo to reward processing remains unclear, the two areas show clear differences in their pattern of connections with the rest of the brain, which may constrain their functional roles. PFcs and PFo both connect with areas responsible for processing rewards, such as the amygdala and hypothalamus (Carmichael and Price 1995a; Ongur et al. 1998) , and receive dopaminergic inputs (Williams and Goldman-Rakic 1993) , which also carry reward signals (Bayer and Glimcher 2005; Matsumoto and Hikosaka 2009; Morris et al. 2006; Roesch et al. 2007; Schultz 1998) . However, whereas PFo heavily connects with all sensory areas, including visual, olfactory, and gustatory cortices, it only weakly connects with motor areas (Carmichael and Price 1995b; Cavada et al. 2000; Croxson et al. 2005; Kondo et al. 2005) . In contrast, PFcs strongly connects with cingulate motor areas but has few direct connections with sensory cortex (Carmichael and Price 1995b; Croxson et al. 2005; Dum and Strick 1993; Morecraft and Van Hoesen 1998; Vogt et al. 1987) . Based on these anatomical differences, PFo may be more important for associating reward values with sensory stimuli, whereas PFcs may associate reward values with behavioral responses.
Reward selectivity in PFcs and PFo
Several studies support this distinction. For example, monkeys with PFcs lesions show less influence of past reward history on motor selection (Kennerley et al. 2006) , while PFo lesions interfere with the ability to update associations between a stimulus and its associated outcome in response to reinforcer devaluation (Baxter et al. 2000; Izquierdo et al. 2004 ). Lesions of PFo impair probabilistic matching tasks when the discriminanda are visual pictures but not when the discriminanda are motor responses, whereas the opposite pattern occurs for PFcs lesions (Rudebeck et al. 2008) . The results of the current study are also consistent with this framework. In the current task, a picture signals the amount of reward expected, and PFo was the area in which reward encoding first appeared, consistent with its putative role in extracting the value of reward-predicting visual stimuli. However, reward encoding was subsequently more prevalent in PFcs, consistent with a putative role for PFcs in using information about predicted rewards to guide selection of the appropriate response.
The somewhat phasic nature of PFo reward encoding is evident in many previous studies that used visual stimuli to predict upcoming rewards (Padoa-Schioppa and Assad 2006; Olson 2004, 2005) . Indeed studies that used long delays (Ͼ2 s) between the reward cue and the go cue report that Ͻ3% of PFo neurons maintain reward information throughout the delay Schultz 1999, 2000) . In terms of the prevalence of reward encoding in PFo, we found that 15% of the neurons encoded the reward during the presentation of the cue, 20% of the neurons encoded the reward in the epoch immediately following the offset of the cue, but only 12% encoded reward in the final half of the delay epoch. This is similar to previous studies in which typically 15-25% of PFo neurons are rewardselective (Padoa-Schioppa and Assad 2006; Roesch and Olson 2005; Tremblay and Schultz 1999) . However, this is noticeably less than in our previous studies where we have found between 30 and 40% of the neurons encoding the predicted reward (Kennerley et al. 2009; Wallis and Miller 2003) . Prevalence of selectivity for the expected reward (A) and the spatial location (B) of the mnemonic cue across different task epochs and in different brain areas. *, a significant difference in the prevalence of selective neurons between the areas as determined by a 2 test (evaluated at P Ͻ 0.017 to correct for multiple comparisons); -, which areas are significantly different from one another. C: scatter plot and corresponding least-squares line illustrating the relationship between the onset of reward selectivity and the maximum reward selectivity for PFo, PFcs, and ventrolateral prefrontal cortex (PFvl) neurons.
A potentially important difference between the current study and our previous studies is that our previous studies required the subject to choose between the stimuli to obtain the most preferred outcome. In contrast, in the current study, the stimuli simply indicated the outcome, but there was no choice. Neuroimaging results in humans show stronger PFo activation when a subject must actively choose between outcomes compared with when they are simply rating the desirability of the outcome (Arana et al. 2003 ).
In the current study, we also found that in both PFo and PFcs there was an approximately equal number of neurons that either increased or decreased their firing rate as the size of the predicted reward increased, which is consistent with several recent studies (Kennerley et al. 2009; Sallet et al. 2007; Seo and Lee 2009; Tremblay and Schultz 2000) . However, other studies have found that PFo and PFcs neurons consistently increase their firing rate as the predicted reward increases (Hayden et al. 2009; Olson 2004, 2005) , while electroencephalograms (Gehring et al. 1993; Miltner et al. 1997 ) and fMRIs (Carter et al. 1998; Holroyd et al. 2004; Ullsperger and von Cramon 2003) suggest that PFcs activity is stronger to failure than success. Even our own studies are inconsistent in this regard. For example, in a recent task, we had the subjects choose between primary reinforcers (rather than visual stimuli predictive of primary reinforcers) and found that PFcs neurons consistently responded with increased firing rate to less desirable reinforcers (Luk and Wallis 2009). However, in another study, where we looked at neuronal responses to the primary reinforcement received following a choice between reward-predictive visual stimuli, we again found an even split in both PFcs and PFo of neurons that responded with either an increase or decrease in firing rate to more desirable outcomes (Kennerley and Wallis 2009a) . Further research will be needed to determine when exactly these different encoding schemes occur. Some evidence suggests that neurons in both PFcs and PFo are highly sensitive to the context in which a reward occurs (Luk and Wallis 2009; Sallet et al. 2007; Tremblay and Schultz 1999) . For example, a PFcs response to a large reward will be larger if the reward occurs in a block of relatively small rewards compared with a block of relatively large rewards (Sallet et al. 2007) . Neuronal responses may depend on the precise reward scale and training history of the subject, which may underlie the complexity of the encoding schemes.
Spatial selectivity in PFcs and PFo
The role of PFo and PFcs in spatial attention is an issue that neurophysiological studies have rarely addressed. Unlike the lateral prefrontal cortex, where investigators have extensively mapped and examined the properties of neuronal spatial receptive fields (Funahashi et al. 1989; Kennerley and Wallis 2009b; Rao et al. 1997) , there are no comparable studies in PFo and PFcs. A spatial delayed response task using two spatial positions found just 3% of PFo neurons encoded spatial location (Tremblay and Schultz 1999) . In a study that used four different spatial locations, ϳ12 and 4% of PFo neurons exhibited spatial selectivity during the cue and delay epochs, respectively, compared with 30 and 34% of lateral prefrontal cortex neurons in the respective epochs (Ichihara-Takeda and Funahashi 2007). Spatial delayed response tasks using two to four different spatial positions have found Ͻ10% of PFcs neurons encode spatial information (Nakamura et al. 2005; Niki and Watanabe 1976) . A study using three different spatial positions found delay-related activity in PFcs, but the activity appeared to be related more to the serial order of upcoming movements rather than their spatial characteristics (Procyk and Joseph 2001; Procyk et al. 2000) . However, all of these studies used only a small number of locations over which to assess spatial encoding (usually just 2), which might explain the low incidence of spatially selective neurons observed. The current study, which used a large matrix of 24 spatial positions, sought to provide a more thorough examination of the extent to which PFo and PFcs neurons exhibit spatial receptive fields.
Although several neuroimaging studies suggest that PFcs combines spatial and emotional information (Armony and Dolan 2002; De Martino et al. 2008; Fichtenholtz et al. 2004; Mohanty et al. 2008) , we found little evidence that this was the case. There was little encoding of spatial information in either PFcs or PFo; in fact, rarely did the number of spatially selective neurons in either PFo or PFcs exceed what would be expected by chance. Remembering a cue across a delay and planning a saccade to that location does not appear to drive PFcs or PFo neurons. This is consistent with the fact that lesions to PFo or PFcs do not consistently impair performance in spatial delayed response tasks (Bachevalier and Mishkin 1986; Meunier et al. 1997) . Thus there appears to be a discrepancy between the results from neuroimaging studies and those from neurophysiological studies regarding the role of PFcs in encoding spatial information. Importantly, however, neuroimaging studies that implicate the area in an around PFcs in spatial attention typically identify activity in this region in conditions where covert spatial attention occurs but do not necessarily show that this activity is associated with encoding particular regions of space (Mesulam et al. 2001; Nobre et al. 2000; Paus et al. 1998; Petit et al. 1998) . PFcs may have a more generalized role in allocating attentional resources. For example, PFcs may detect circumstances that require increased attentional resources, such as when an error occurs or when there is uncertainty about which response to make (Bush et al. 2000; Kerns et al. 2004; Ridderinkhof et al. 2004; Rushworth et al. 2007 ). Moreover, although PFo and PFcs neurons do not appear to encode spatial parameters per se, these areas may participate in spatial attention indirectly. The maintenance of reward information by PFo and PFcs neurons during delay periods could serve to promote the allocation of additional attentional resources, thereby ensuring that those areas responsible for the maintenance of the spatial information ultimately achieve the behavioral goal (Kouneiher et al. 2009 ).
Although we found little encoding of spatial information in either PFcs or PFo, it might be the case that the encoding of such information is more common in these areas when there is a requirement to select between responses of different value. Single neurons in PFcs encode the relationship between actions and their values and track the reward history of different actions (Luk and Wallis 2009; Matsumoto et al. 2003; Seo and Lee 2007; Williams et al. 2004 ). Damage to PFcs also impairs the ability to link actions with their outcomes and to learn the value of different actions (Amiez et al. 2006; Hadland et al. 2003; Kennerley et al. 2006; Rushworth et al. 2004) . Moreover, damage to PFcs impairs performance in delayed alternation, a task that requires inhibition of one spatial response and selection of a different spatial response to obtain reward (Pribram et al. 1962; Rushworth et al. 2003) . Rather than a functional role in encoding specific spatial positions, the role of PFcs in encoding motor parameters may be more related to its role in representing the value of different actions (Kennerley et al. 2006; Rushworth et al. 2007 ).
Localization of function within prefrontal cortex
In contrast to PFcs and PFo, we previously observed prominent encoding of spatial information in PFvl, in addition to encoding of reward information in PFvl (Kennerley and Wallis 2009b) . Indeed despite recording from a large expanse of prefrontal cortex, including the medial, orbital, and lateral surfaces (including dorsal lateral areas and both banks of the principal sulcus), the only area where there was prominent encoding of both spatial and reward information was the inferior convexity, consisting of areas 47/12 and 45A. Thus while several theories of prefrontal function emphasize the flexibility in encoding information that prefrontal neurons exhibit (Duncan 2001; Duncan and Owen 2000; Miller and Cohen 2001) , it is nevertheless clear that some cognitive processes are constrained to relatively restricted regions of prefrontal cortex. Theories of the functional organization of prefrontal cortex must therefore take into account the anatomical complexity of this region (Petrides and Pandya 1994) .
Interpretational issues
The spatial delayed response task potentially taxes several cognitive processes including working memory, executive control, spatial attention, and motor planning. In addition, there has been considerable debate over whether some of these processes, such as attention and working memory, are even dissociable in principle or whether the differences are purely semantic (Awh and Jonides 2001; Lebedev et al. 2004; Rainer et al. 1998; Woodman et al. 2007 ). We did not design the current experiment to dissociate these possibilities. However, studies that have attempted to dissociate these possibilities have generally favored a sensory (Constantinidis et al. 2001; Funahashi et al. 1993) and attentional account of prefrontal activity (Everling et al. 2002; Lebedev et al. 2004 ). For example, in a task that required subjects to hold one spatial location in working memory while attending to an alternative location, prefrontal neurons tended to encode the attentional locus more than the remembered location (Lebedev et al., 2004) . Although we did not design our task to dissociate between the various cognitive processes that might underlie spatial delayed response performance, our results show that the expected reward dynamically regulates the neuronal representations underpinning performance of the task, at least in PFvl. This is consistent with the notion that working memory consists of a limited resource that can be dynamically adjusted in response to ongoing task demands (Bays and Husain 2008) .
Conclusion
In summary, neither PFcs nor PFo integrated reward information with spatial working memory. This contrasts with PFvl where strong encoding of both spatial and reward information occurs and where expected rewards modulate spatial selectivity (Kennerley and Wallis 2009b) . These findings are compatible with an account of prefrontal organization in which the lateral prefrontal cortex is responsible for the control of attention and executive processing, whereas orbital and medial frontal regions are responsible for goal-directed behavior and decisionmaking (Miller and Cohen 2001; Wallis 2007) . 
